The species divergence times and demographic histories of Drosophila melanogaster and its three sibling species, D. mauritiana, D. simulans, and D. yakuba, were investigated using a maximum likelihood (ML) method. Thirty-nine orthologous loci for these four species were retrieved from DDBJ/EMBL/GenBank database. Both autosomal and X-linked loci were used in this study. A significant degree of rate heterogeneity across loci was observed for each pair of species. Most loci have the GC content greater than 50% at the third codon position. The codon usage bias in Drosophila loci is considered to result in the high GC content and the heterogenous rates across loci. The chi-square, G, and Fisher's exact tests indicated that data sets with 11, 23, and 9 pairs of DNA sequences for the comparison of D. melanogaster with D. mauritiana, D. simulans, and D. yakuba, respectively, retain homogeneous rates across loci. We applied the ML method to these data sets to estimate the DNA sequence divergences before and after speciation of each species pair along with their standard deviations. Using 
INTRODUCTION
The melanogaster species subgroup of Drosophila consists of eight members. These eight species differ from one another in male genitalia, ecology, and polymorphism patterns in their populations (Lachaise et al., 1988) . Although this subgroup has been studied extensively in various respects, the dates of the speciation events and the phylogenetic relationships are not fully established. An early phylogenetic study was based on polytene chromosome banding sequences (Lemeunier and Ashburner, 1976) . Since then, various approaches, including biogeographical and geological evidence (Lemeunier et al., 1986) , allozymes (Cariou, 1987) , DNA-DNA hybridization techniques (Caccone et al., 1988; Powell et al., 1986) , and estimations of nucleotide substitution rates at the DNA sequence level (Stephens and Nei, 1985; Moriyama, 1987; Sharp and Li, 1989) , have been used to estimate the species divergence time in Drosophila. From these studies, two conclusions that are generally accepted for the D. melanogaster subgroup have been drawn: (1) D. melanogaster diverged from the stem lineage of D. simulans and D. mauritiana, and (2) the divergence between D. melanogaster and D. simulans occurred approximately 2 to 3 million years ago (mya). There is still uncertainty about the remaining branches of the D. melanogaster subgroup. For instance, the divergence time between D. melanogaster and D. yakuba has been estimated to be 13 to 17 mya (Beverley and Wilson, 1982; Bodmer and Ashburner, 1984) , 5.1 mya (Cariou, 1987) , 10 mya (Lachaise et al.,1988) , 7.2 mya (Sawyer and Hartl, 1992) , and 6.1 mya (Russo et al., 1995) . If we take the divergence time between D. melanogaster and D. simulans as 2 to 3 mya, the above estimates indicate that the possible divergence time between D. melanogaster and D. yakuba ranges from two-to eight-fold of that between D. melanogaster and D. simulans. Given this range, D. yakuba could be either a closely-or distantly-related outgroup of the D. melanogaster trio. It is, therefore, necessary to re-examine the divergence time between D. melanogaster and D. yakuba.
Ancestral polymorphism is receiving some attention in phylogenetic studies. Various studies have shown that the topology of molecular phylogenetic trees can differ from locus to locus (Nei, 1987) . Gene trees differ from species trees because genes sampled from different species must have diverged prior to the speciation event.
One source of discrepancies between gene trees and species trees is ancestral polymorphism. Therefore, to estimate the species divergence time accurately, the DNA sequence divergence accumulated before speciation should be excluded (Takahata et al., 1995; Takahata and Satta, 1997) . In contrast, the conventional method simply takes the average of DNA sequence divergences across loci for a pair of species to estimate their divergence time. When the ancestral polymorphism is substantial, the species divergence time obtained by the constant conventional method is overestimated. Given the nucleotide substitution rate per site per year and the assumption of neutrality, the effective ancestral population size is the only parameter that affects ancestral polymorphism. A comparison of demographic histories between the ancestral and extant populations may clarify how the polymorphism has changed through the evolutionary history. Thus, the effective ancestral population size is an important parameter for phylogenetic as well as demographic studies.
In Drosophila and most other species, the effective population size has been investigated primarily for extant organisms (Fuerst et al., 1977; Zouros, 1979; Nei and Graur, 1983; Sawyer and Hartl, 1992; Hamblin and Aquadro, 1996) . Few studies have addressed the effective ancestral population size. For instance, Wakely and Hey (1997) Here, we applied the maximum likelihood method (ML) of Takahata and colleagues (Takahata et al., 1995; Takahata and Satta, 1997) to three pairs of species : D. melanogaster-D. mauritiana, D. melanogaster-D. simulans, and D. melanogaster -D . yakuba for which reasonable amounts of DNA sequence data are available. The ML method separates DNA sequence divergences into two categories: before and after species divergence. The former can be used to estimate the effective ancestral population size and the latter the species divergence time. The silent sites and silent substitutions are used in our analysis, because they are considered to close to neutrality assumed in the ML method. Our purpose here is three-fold: to decipher a part of evolutionary history of the D. melanogaster subgroup by estimating the current and historical population parameters, to examine the power of the ML method, and to test the constancy of the silent substitution rate across loci.
MATERIALS AND METHODS
We surveyed DDBJ/EMBL/GenBank database and retrieved DNA sequences for orthologous nuclear genes that are available in any species pair for D. melanogaster, D. mauritiana, D. simulans, and D. yakuba David and Capy, 1988) . The loci in D. teissieri and D. yakuba, therefore, should have approximately the same amount of sequence divergences to other members of the D. melanogaster subgroup. The sequences of the histone 3 (H3) gene are from Dr. Matsuo (Tokushima University, Japan, data unpublished). When there are more than one sequence for a locus, we selected one at random from each species. The chromosome location and the accession number are listed in Table 1 . The abbreviation of a locus designation is based on FlyBase. We used coding regions only for all sequences except cecropin A2 , and C (Cec-C) for which we included introns. Genes with short lengths (less than 200 bp) or with unknown starting codon positions in the data file were excluded. All orthologous sequences were aligned first by ClustalW (Thompson et al., 1994) and then followed by manual improvement by eye. Because an accurate sequence alignment is a prerequisite, genes with uncertain alignments were discarded. In the final data set, we compiled 14, 31, and 16 pairs of DNA sequences for the comparison of D. melanogaster with D. mauritiana, D. simulans, and D. yakuba, respectively.
Maximum likelihood method.
Under an assumed distribution of nucleotide substitutions per unit time, a probability model of the number of nucleotide substitutions at a locus can be obtained. Given the observed data, the probability model can be interpreted as a likelihood function of the parameters in the model. The following log likelihood equation (Takahata et al., 1995; Takahata and Satta, 1997) was derived under the assumption that nucleotide substitutions per unit time follow the Poisson distribution, 
where K i and n i are the number of silent nucleotide substitutions and silent sites at locus i, respectively, and m is the number of loci. Two parameters, DNA sequence divergence before speciation (x) and that after speciation (y), can be estimated by maximizing Equation 1. Their standard deviations were obtained from the inverse of the expected information matrix (Casella and Berger, 1990; Weir 1996) . The estimated x and y are expected to equal 4Nrg and 2rt, respectively, where g is the generation time and r is the rate of nucleotide substitutions per silent site per year. The estimated effective ancestral population size (N) and the divergence time (t) can be estimated by
Before applying this ML method, data should be examined for agreement with the assumption of rate homogeneity across loci. Genes with very different evolutionary rates will increase the variance of silent substitutions, which will lead to an overestimation of the effective ancestral population size and an underestimation of the species divergence time. It is noted that the ML method can be applied to each pair of species independently as long as the rate homogeneity across loci is held. Therefore, the locus excluded in one species pair is not necessary to be excluded in the other species pair. We explain how to test the rate heterogeneity in the next section.
For each pair of species, we first estimated the numbers of silent substitutions (K i , i = 1, .... m) and silent sites (n i , i = 1, .... m) at m loci. For the number of silent sites, a four-fold degenerate site was always counted as one, but this does not apply to other degenerate sites. We first computed the proportion of transitions at the four-fold degenerate sites for each pair of species. Each two-fold degenerate site was then considered so as to contribute the proportion of transitions to the number of silent sites. This rule was also applied to the three-fold degenerate site (the third codon position of isoleucine). This scheme contrasts with the Nei and Gojobori method (1986) in which they counted each two-fold and three-fold degenerate site as 1/3. Their method does not account for the rate difference between transitions and transversions. For the cecropin introns, all sites were considered to be silent. We used the Kimura's two-parameter method (Kimura 1980) to make corrections for multiple-hit substitutions and then obtained the total number of silent substitutions.
A set of data (K i , n i , i = 1, ... , m) that exhibited homogeneous rates across loci was applied to the ML method. Since X-linked loci contribute three-fourths of the effective population size for autosomal loci, we replaced x with 3x/4 in Equation 1 when X-linked loci were analyzed.
Test of the rate heterogeneity across loci. Takahata and Satta (1997) used the variance-to-mean ratio (dispersion index) of the number of silent substitutions as a measure of rate homogeneity across loci in their study of primates. This ratio presents the degree of the mixture between the Poisson and geometric distributions for the number of silent substitutions. It is, however, not a test statistic that gives a threshold to reject the constant rate hypothesis. Without assuming any distribution for the number of silent substitutions, we employed the χ 2 , G, and
Fisher's exact tests to examine the homogeneous evolutionary rates across loci. The null hypothesis was defined as equal per-site proportion of observed differences across loci in each pair of species. Our purpose was to identify a set of loci that failed to negate this null hypothesis. Two explanations need to be addressed for this hypothesis testing. First, since the number of silent substitutions per site is a function of the proportion of observed differences under the multiple-hit correction model, our test can lead to the same result as testing the equal number of silent substitutions per site across loci. Second, based on our null hypothesis, it is possible to remove loci that may have very different coalescent times despite the evolutionary rate similar to that of other loci. Because of this, our hypothesis testing is conservative, but it is still suitable to identify a set of loci with homogeneous evolutionary rates. The details of these three tests are described in the Appendix. The Fisher's exact test provides more accurate results for small samples and the G test is closer to the approximated distribution than the χ 2 test because of its additive property (Weir, 1996) . If the null hypothesis is rejected by one of the tests, it determines the rate heterogeneity across loci in this data set. A new set of loci is then formed by eliminating a locus that shows the highest value in the χ 2 test (the locus with the highest X i 2 in Appendix). We repeated these three tests until all three tests yielded nonsignificant results. For the Fisher's exact test, it is computationally difficult to survey all possible configurations for a fixed total number of silent differences when we have more than two loci. Thus, we carried out a Markov chain procedure (Raymond and Rousset, 1995) . The algorithm of this Markov chain approach is described in the Appendix. For the final set of loci, we computed its dispersion index bŷ
To investigate possible causes of the rate heterogeneity in the D. melanogaster subgroup, we compared the GC content and codon usage bias to the rate of silent substitutions at the intersepecific level. For coding regions, the GC content was computed at the third codon position, because most, if not all, nucleotide changes at the third codon position are synonymous. For introns, we counted the number of Gs and Cs in the sequence. For the codon usage bias, we calculated the effective number of codons (ENC) (Wright, 1990; Powell and Moriyama, 1997) , which is analogous to the effective number of alleles (Crow and Kimura, 1970) . The ENC ranges from 20 to 61 and is correlated negatively with the codon usage bias. When all codons are used equally, the ENC should reach 61 (Wright, 1990) .
RESULTS
Overall, 39 orthologous loci were surveyed. Of these, 30 are autosomal loci, and 9 are X-linked loci (Table  1 ). The proportion of transitions at the four-fold degenerate sites for each species pair is approximately 0.5 (Table  2) . Therefore, to obtain the number of silent sites (n i ), we counted each two-and three-fold degenerate site as 1/2. Given the number of silent sites (n i ), we estimated the number of silent substitutions (K i ) by Kimura's (1980) two-parameter model (Table 3 ). The numbers of nucleotide substitutions and silent sites for amylase (Amy) gene are a combination for the amylase-distal (Amy-d) and amylase-proximal (Amy-p) genes. For each locus, the comparison between D. melanogaster and D. yakuba always yielded a greater number of silent substitutions than did the other two comparisons.
The distribution of silent substitutions per site for each species pair is presented by a box plot (Figure 1) . A rela- (Table 3) . Their dispersion indexes obtained from Equation 3 are close to 1 (Table 3) , which indicates that the distribution of the number of silent substitutions in the final set of loci is close to the Poisson distribution.
A negative correlation between the GC content and the number of silent substitutions per site from all autosomal loci was observed in all three species pairs ( Figure  2 ). Their correlation coefficients ranged from -0.78 to -0.67. The lower the GC bias, the larger the number of silent substitutions per site. Furthermore, the relationship between ENC and the GC content was examined.
Owing to the limited number of loci used for D. melanogaster-D. mauritiana and D. melanogaster-D. yakuba, only D. melanogaster-D. simulans shows a clear
relationship between ENC and the GC content. The ENC peaks at approximately 50% GC content and decreases as the GC content moves away from 50% (Figure 3) . The molecular mechanism that affects the relationships among codon usage bias, GC content, and rate of silent substitution in a gene is still not clear. We discuss more on this point in the next section.
The maximum likelihood estimates of x and y for each pair of species and their standard deviations are given in Table 4 . We also include the overall mean nucleotide diversity of 24 loci in D. melanogaster from Moriyama and Powell (1996) , which can be interpreted as the estimate of x in the extant D. melanogaster population. Assuming a constant rate of nucleotide substitution during evolution, we can further infer the species divergence time and the effective ancestral population size from these maximum likelihood estimates (Equation 2). To do so, we must know the evolutionary rate of silent substitutions in the D. melanogaster subgroup. Owing to the lack of fossil records, it is generally difficult to calibrate the evolutionary rate in insects. However, various rates of silent substitutions per site per year have been suggested previously for Drosophila, and they are within the two-fold range from 1 × 10 -8 to 2 × 10 -8 (Moriyama, 1987; Caccone et al., 1988; Sharp and Li, 1989; Russo et al., 1995) . If the divergence time between D. melanogaster and D. simulans is 2 to 3 mya as suggested by Lemeunier et al. (1986) , the evolutionary rate of silent substitutions is between 1.2 × 10 -8 and 1.8 × 10 -8 per site per year based on our ML estimate of y between these two species. Here, we used an intermediate rate 1.6 × 10 -8 (Sharp and Li, 1989) In Figure 4 , the 90% confidence intervals of x and y are indicated by the innermost line in the contour plots of the log likelihood function from Equation 1. The rest of contour lines are rather arbitrary. Owing to the limited number of samples, only the plot for D. melanogaster-D. simulans shows reasonable confidence intervals for x and y, while the other two plots show rather large confidence intervals. The standard deviations of x and y also explain the discrepancies among the widths of their confidence intervals from all species pairs (Table 4 ). For instance, the standard deviations of x and y for D. melanogaster-D. simulans were estimated as 0.012 and 0.009, respectively, which are the smallest estimates among three species pairs. It is consistent to the narrow confidence intervals of x and y observed in this species pair. We also observed 
DISCUSSION
In recent years, ancestral polymorphism has been found to be important for phylogenetic studies, particularly among closely related species. Several mathematical models (Takahata, 1986; Takahata et al., 1995; Takahata and Satta, 1997; Yang, 1997; Wakely and Hey, 1997) allow us to estimate parameters in the current and ancestral populations. It should be noted that ancestral polymorphism places the time of gene divergence earlier than does the species divergence time. Thus, the ancestral polymorphism should contribute part of the observed sequence divergence. In our data for the D. melanogaster subgroup, the extent of ancestral polymorphism is not extensive (about 2%), but it still has some effects on the estimation of the speciation time. For example, the average number of silent substitutions per site in the same set of loci from D. melanogaster and D. simulans (Table 4) is 0.091. If we ignore the ancestral polymorphism, the speciation time would have been estimated as 2.8 mya for the same evolutionary rate of 1.6 × 10 -8 substitutions per silent site per year. This is slightly greater than our estimate of 2.3 mya based on the ML method, although the difference is not significant. When ancestral polymorphism is substantial, this ML method and other proposed methods may estimate very different species divergence times. The rates of silent substitutions in Drosophila were reported to vary among genes (Sharp and Li, 1989; Moriyama and Gojobori, 1992) . Why the rate of silent substitutions differs from locus to locus is less clear. It may be due to differences in genomic regions, codon usage bias, GC content and so on (Li 1997) . Our analysis shows a negative correlation between the GC content and the number of silent substitutions per site. The D. melanogaster subgroup genes examined tend to have the GC content greater than 50% at the third codon position. From the relationship between ENC and the GC content, the codon usage bias is correlated positively with the GC content of these genes. These results support those of earlier reports (Shields et al., 1988; Sharp and Li, 1989; Powell and Moriyama, 1997) . Moriyama and Powell (1997) showed that the Adh gene has a high GC content. They suggested that T to C changes are expected to predominate over other transition changes.
If A to G or T to C changes occur more frequently than the reverse in Drosophila, GC-rich genes should remain stable while GC-poor genes should undergo more nucleotide substitutions (Sala, which has the 29% GC content, shows the highest silent substitution rate). Furthermore, relative tRNA abundance was also suggested to be related to synonymous codon preference in Drosophila genes (Sharp and Lloyd, 1993; Akashi 1995; Moriyama and Powell, 1997) . In prokaryotes, codons recognized by abundant tRNAs are used more frequently than those recognized by less abundant tRNAs (Ikemura, 1981; Osawa, 1995) . When G-ending and C-ending codons are favored by abundant tRNAs, the A to G and T to C transitions should occur more frequently than the reverse. This selective constraint on tRNA availability may explain the high GC content in Drosophila genes, leading to the rate heterogeneity across loci in these data.
In this study, we employed three testing methods to search for a set of loci that supports the assumption of a constant silent substitution rate across loci in the ML method. An alternative way is to consider the rate variation among loci in the ML method. This allows the original set of data to be used fully. Yang (1997) introduced the Gamma distribution for the evolutionary rate into this ML method. With his modification, one more parameter needs to be considered, which may affect the accuracy of parameter estimations. Furthermore, the estimation of ancestral population size is sensitive to the shape parameter (α) of the Gamma distribution. It is uncertain what value of the shape parameter is appropriate for use with the D. melanogaster subgroup. The other question that can be raised for this modification is the robustness of the Gamma distribution for the evolutionary rates among loci in Drosophila. Further investigation is necessary.
From our ML estimates, we can summarize the speciation time estimates (t) as follows. First, D. mauritiana and D. simulans may have diverged from D. melanogaster at approximately the same time. The speciation event between D. simulans and D. mauritiana was reported to have occurred ~770,000 years ago (Wakely and Hey, 1997) . Our results support earlier reports that suggested D. melanogaster split off from D. mauritiana and D. simulans before speciation of the latter two (e. g. Cariou, 1987) . Second, the divergence time between D. melanogaster and D. yakuba is about two-fold older than that between D. melanogaster and D. simulans. Our estimate for D. yakuba is, however, restricted by a rather small sample size. The upper limit of the confidence interval of t in D. melanogaster-D. yakuba is approximately 10 mya. However, this estimation may well be influenced by the fact that we could use only nine loci for this species pair. The confidence interval should narrow when the sample size increases. Thus, the upper limit of t could be less than 10 mya. In contrast to some earlier suggestions (Beverley and Wilson, 1982; Bodmer and Ashburner, 1984) , we believe that D. yakuba did not diverge from D. melanogaster more than 10 mya. It should be within the two-fold divergence time between D. melanogaster and D. simulans.
Whether or not the effective population size remains stable through the evolutionary time is one of interests in the study of molecular evolution. This question can be answered by comparing the effective population sizes for both ancestral and extant populations. In our analysis, the effective population sizes of all three ancestral lineages of D. melanogaster were found to be similar. As we described earlier, Table 4 only presents the results of Ng. If we assume 10 generations per year (g = 0.1) for the D. melanogaster subgroup (Sawyer and Hartl, 1992) , the effective population size (N) for each ancestral lineage is ten-fold larger than the values given in Table 4 . Comparing three ancestral population sizes of D. melanogaster to its extant population size, the bottleneck effect may not have operated during the evolutionary time of D. melanogaster. This scenario is different from that of primates, in which the effective ancestral population size of human was at least ten-fold larger than that of the extant population (Takahata and Satta, 1997) . Li and Sadler (1991) showed that the nucleotide diversity in humans is of one order of magnitude lower than the diversity in Drosophila populations. From this observation and taking into account different evolutionary rates and generation times, we can compute the ratio of the effective population in the extant human to that in the extant Drosophila. Assuming that the nucleotide substitution rate per site per year is 1 × 10 -9 and the generation time is 25 years in the human, the ratio of the human to Drosophila in effective population size for the extant population is less than 1%. The effective population sizes were estimated as 10 4 and 10 5 for the extant human and their ancestral population, respectively (Takahata and Satta, 1997 Obviously, the above estimates of species divergence time (t) and effective ancestral population size (N) depend on the evolutionary rate we used. It is true especially when we discuss the absolute values of t and N. However, the estimated DNA sequence divergences before and after speciation of each species pair still offers us the same relative t and N ratios between species pairs (Table 4) where L 0 is the likelihood function under the null hypothesis. If G is greater than χ 2 m-1 at 5% level, the null hypothesis is rejected. 3. Fisher exact test: Based on our data structure, the exact value of type I error probability (p-value) is the proportion of the tables which have the same or less probabilities than the observed table under the condition of the same total nucleotide differences (Fisher, 1935) . The null hypothesis is rejected when the p-value is less than the significant level α. The conditional probability of each table is derived as It is difficult to survey all possible tables under the same total nucleotide differences (d) for multiple loci. A Markov chain procedure was proposed to test the population differentiation for a R × C contingency table (Raymond and Rousset, 1995) , where R and C are integer numbers. We applied their algorithm to our data (m × 2 table). N i1,j1 = N i1,j1 -1 N i1,j2 = N i1,j2 + 1 N i2,j1 = N i2,j1 + 1 N i2,j2 = N i2,j2 -1 (e) If the ratio ( R = N i1,j1 N i2,j2 /(N i2,j1 + 1) (N i1,j2 + 1) ) of conditional probability of two tables (the old one vs. the new one) is equal or larger than 1, the chain moves to the new state. If it is less than one, the probability to move to new state is R. If the new state is reached, ρ = ρ + ln (R).
(f) If ρ is equal or less than 0, T=T+1. T is the number of times that the Markov chain has encountered the tables with a lower or equal probability than the observed one.
(g) Repeat K times from (b). For example, set K = 50,000.
(h) The p-value is calculated as T/K. We also consider a burning time of 1000 repeats before recording T as a usual Markov chain Monte Carlo (MCMC) procedure.
